Wsc family proteins are plasma membrane spanning sensor proteins conserved from yeasts to mammalian cells. We studied the functional roles of Wsc family proteins in the methylotrophic yeast Pichia pastoris, and found that PpWsc1 and PpWsc3 function as methanol-sensors during growth on methanol. PpWsc1 responds to a lower range of methanol concentrations than PpWsc3. PpWsc1, but not PpWsc3, also functions during high temperature stress, but PpWsc1 senses methanol as a signal that is distinct from high-temperature stress. We also found that PpRom2, which is known to function downstream of the Wsc family proteins in the cell wall integrity pathway, was also involved in sensing methanol. Based on these results, these PpWsc family proteins were demonstrated to be involved in sensing methanol and transmitting the signal via their cytoplasmic tail to the nucleus via PpRom2, which plays a critical role in regulating expression of a subset of methanol-inducible genes to coordinate well-balanced methanol metabolism.
Introduction
Methylotrophic microbes including bacteria and yeasts can utilize methanol as a sole carbon and energy source, and their unique C1 metabolism and gene expression characteristics have been extensively studied for more than 50 years. Recently, methylotrophs have been found to be ubiquitous habitants in the phyllosphere, the aerial portions of plants, and they are considered to contribute to plant growth promotion and to the reduction of greenhouse gases (Alexandre et al., 2001; Kawaguchi et al., 2011; Vorholt, 2012) . Methylotrophic yeasts, for example, Pichia pastoris, Candida boidinii and Hansenula polymorpha, have been used as hosts for heterologous gene expression, and also as model organisms to study organelle dynamics (Sakai et al., 1998) . Growth on methanol induces many genes that encode enzymes and proteins involved in methanol metabolism, and concomitant robust peroxisome proliferation. Ethanol (0.5%), conversely, does not induce but rather represses methanol-inducible gene expression, and induces degradation of peroxisomes by autophagy (Hartner and Glieder, 2006; Yurimoto, 2009; Yurimoto and Sakai, 2009 ). Evidently, methylotrophic yeasts are equipped with a sensing mechanism that allows them to distinguish methanol from ethanol. Several transcription factors that control expression of methanol-inducible genes have been identified and characterized from these yeast strains (Lin-Cereghino et al., 2006; Sasano et al., 2008; Yurimoto and Sakai, 2009; Yurimoto, 2009; Vogl and Glieder, 2013; Sahu et al., 2014; Oda et al., 2015) , but how cells sense the presence and concentration of methanol, and how the signal is transmitted through the intracellular signal transduction pathway to the transcription factors remain open questions.
Many genes involved in sensing and gene activation in response to ethanol stress (ca., more than 10% ethanol, 2.2 M) have been identified in Saccharomyces cerevisiae (Alexandre et al., 2001; Kubota et al., 2004; Fujita et al., 2004; Fujita et al., 2006; Yoshikawa et al., 2009) . Nevertheless, the specific ethanol-sensing mechanism, in contrast to the stress response mechanism, has not been investigated in detail. Conversely, methylotrophic yeasts can respond to methanol at much lower concentrations and over a wider concentration range (ca., 0.01-1.0%, 3-300 mM), and can proliferate on growing plant leaves where methanol concentrations exhibit a daily periodicity in the range of 0-0.2% (ca., 0-60 mM). Cells respond to such low levels of methanol by altering the expression of methanol-inducible genes (Kawaguchi et al., 2011) . Accurate and highly sensitive sensing of extracellular methanol is crucial for maintaining balanced synthesis of methanol-metabolizing enzymes, including formaldehyde-generating alcohol oxidase (AOX) and formaldehyde-consuming dihydroxyacetone synthase (DAS), formaldehyde dehydrogenase (FLD) and formate dehydrogenase (FDH) (Sakai et al., 1996; Yurimoto et al., 2005) . As formaldehyde, a key intermediate in methanol metabolism, is highly toxic, balanced synthesis of formaldehyde-producing AOX and formaldehydedetoxifying FLD is important. At low methanol concentrations, high levels of AOX are necessary for efficient metabolism. However, at high methanol concentrations, excess AOX yields excess formaldehyde, which results in cell death. Therefore, balanced expression of methanol-inducible genes must accurately reflect the environmental methanol concentration.
In the course of our studies on methanol-inducible gene expression with C. boidinii, we isolated mutants defective in transcriptional activation of methanolinducible promoters by the gene-tagging mutagenesis (Sasano et al., 2007; Sasano et al., 2008) , and analysis of the mutants have revealed that CbRom2 could be a possible signaling factor in the regulation of methanolinducible genes (unpublished data). This finding prompted us to study cell-surface Wsc family proteins as methanol-sensing machineries in P. pastoris, which functions upstream of Rom2 in cell wall integrity (CWI) pathway of S. cerevisiae (Levin, 2005) .
In this study, using the methylotrophic yeast P. pastoris, we showed that Wsc family proteins are involved in sensing extracellular methanol (0.01-1%) in P. pastoris. Our results suggest that PpWsc1 and PpWsc3 sense methanol by a unique mechanism that is distinct from sensing high temperature stress, and that the signal is transmitted to PpRom2 for activation of methanol-inducible genes. To our knowledge, this represents a new functional role for Wsc family proteins as components of methanol-specific sensing and signal transduction mechanism.
Results
PpWsc1 and PpWsc3 are involved in the expression of multiple methanol-inducible genes In the P. pastoris genome, we identified three genes putatively encoding Wsc family proteins. We designated these genes PpWSC1 (XP_002492900.1), PpWSC2 (XP_002490546.1) and PpWSC3 (XP_002490545.1). PpWsc1, PpWsc2 and PpWsc3 are proteins of 318, 381 and 372 amino acids (length) with predicted molecular weights of 33.4 kDa, 44.1 kDa and 38.6 kDa respectively. With S. cerevisiae Wsc1, PpWsc1 has an overall amino acid sequence similarity of 62.7% and an identity of 28.4% with S. cerevisiae Wsc1, while PpWsc2 has 62.5% similarity and 27.9% identity and PpWsc3 has 67.4% similarity and 27.4% identity. The significant features of Wsc family proteins, a cysteine-rich domain (CRD), a serine/threonine rich region (STR), and a Rom2-interacting site together with a transmembrane domain (TMD) are conserved in all three PpWsc family proteins (Fig. 1) . We constructed gene-disrupted strains by replacing the PpWSC1, PpWSC2 and PpWSC3 genes with the Zeocin resistance gene, and the growth of these mutant strains on methanol medium was investigated. Unless otherwise stated, the growth on methanol was assessed at 28˚C. The growth of the Ppwsc1D strain but not the Ppwsc2D or Ppwsc3D strains was found to be severely impaired with methanol ( Fig. 2A) .
In order to determine whether the disruption of the PpWSC1 gene affects the expression of methanolinducible genes, we analysed the transcript levels of the methanol-inducible genes AOX (including AOX1 and AOX2), DAS (including DAS1 and DAS2), FLD1 and FDH1, by qRT-PCR analysis. Wild-type and genedisrupted cells grown on glucose were shifted to methanol medium containing 0.001%, 0.01%, 0.1% or 1% methanol or no methanol (0%), and incubated for 2 h. There were no significant differences between the transcript levels of any of the tested methanol-inducible genes in the wild-type and Ppwsc1D strains when cells were grown in media without or with a low level of methanol (0% or 0.001%). Conversely, when the cells were grown on 0.01%, 0.1% or 1% methanol medium, transcript levels of all methanol-inducible genes in the Ppwsc1D strain were significantly lower than those in the wild-type strain (Fig. 3A ). There were no significant differences among the transcript levels of any methanolinducible genes in the wild-type, Ppwsc2D and Ppwsc3D strains when cells were grown on methanol medium (data not shown). PpWsc1 alone therefore appears to be sufficient to regulate methanol-inducible gene expression in the Ppwsc2D and Ppwsc3D strains.
Next, the transcript levels of AOX and DAS in the presence of methanol were determined in the double deletion mutant Ppwsc1DPpwsc3D (Fig. 3B) . Expression levels of AOX, DAS, FLD1 and FDH1 in the wild-type strain showed a dose-dependent response to methanol. Expression peaked in the presence of 0.05%-0.1% methanol and decreased at higher concentrations. Conversely, expression levels in the Ppwsc1DPpwsc3D strain were notably lower at concentrations above 0.005% methanol (Fig. 3B ). In addition, we determined the amount of AOX protein in the wsc mutants (Fig. 3C) . In Ppwsc1DPpwsc3D cells, the amount of AOX was lower than that in Ppwsc1D cells. Consistent with this finding, the Ppwsc1DPpwsc3D strain had a more severe growth defect than the Ppwsc1D strain on methanol medium ( Fig. 2A) . These results indicate that PpWsc3 is also involved in methanol-inducible gene expression.
In the Ppwsc1D strain, impairment of methanolinducible gene expression caused a severe growth defect on methanol medium compared with the wildtype strain (Fig. 2B) . To study the functional overlap of PpWsc1 with PpWsc2 and PpWsc3, we constructed strains overexpressing the PpWSC1, PpWSC2 or PpWSC3 genes (each with a C-terminal 3xHA tag) under the control of the ACT1 promoter in the Ppwsc1D strain. Production of these proteins was confirmed by western analysis (see Fig. 2C ). The predicted molecular masses of PpWsc1, PpWsc2 and PpWsc3, each with 3xHA tag, were 36 kDa, 44 kDa and 42 kDa,
PpWsc1
- The CLUSTALW program was used to align the predicted amino acid sequences of PpWsc1, PpWsc2, PpWsc3 and S. cerevisiae Wsc1 (ScWsc1). Residues marked with asterisks represent conserved residues in all species, and those marked with dots represent conserved similar amino acids. CRD, cysteine rich domain; STR, serine/threonine rich region; TMD, transmembrane domain. The eight conserved cysteine residues are shown on a black background. The predicted transmembrane domain is enclosed with a black line. The residues of ScWsc1 required for the interaction with Rom2 (Rom2-interacting site) are shown on a gray background.
respectively, suggesting hyperglycosylation, as reported for S. cerevisiae (Lodder et al., 1999) .
The 3xHA-tagged PpWsc1 complemented the growth defect of the Ppwsc1D strain on methanol at 28˚C (Fig. 2B) . Although the Ppwsc3D strain showed normal growth on methanol medium at 28˚C, expression of PpWSC3 under the ACT1 promoter complemented the growth defect of the Ppwsc1D strain on methanol, indicating that PpWsc3 and PpWsc1 have overlapping functions (Fig. 2B) . In contrast, overexpression of PpWSC2 did not suppress the growth defect of the Ppwsc1D strain. Therefore, PpWsc1 and PpWsc3, but not PpWsc2, are involved in the regulation of methanol-inducible gene expression.
PpWsc3 is involved in the regulation of methanolinducible gene expression at higher methanol concentrations than PpWsc1
In order to compare the functions of PpWsc1 and PpWsc3, we constructed strains expressing either PpWSC1 or PpWSC3 under the control of the ACT1 promoter in the Ppwsc1DPpwsc3D strain, and examined the expression of AOX and DAS in response to methanol (Fig. 4) . Expression levels of AOX and DAS in the strain expressing PpWSC1 peaked at 0.025% and 0.05% methanol, respectively, while in the strain expressing PpWSC3 they peaked at 0.25% methanol. Therefore, PpWsc1 responds to a lower range of methanol concentrations than PpWsc3.
Functions of PpWsc1 and PpWsc3 under high temperature conditions or in the presence of Congo red on glucose medium
We examined whether the function of PpWsc1 is similar to that of ScWsc1, which is involved in growth at high temperature (37˚C) or in the presence of Congo red as a cell wall-damaging agent (Verna et al., 1997; Serrano et al., 2006) . We spotted a dilution series of the wildtype, Ppwsc1D, Ppwsc2D and Ppwsc3D strains onto glucose medium plates or onto glucose medium in the presence of Congo red, and incubated them at 37˚C or at 28˚C respectively. As shown in Fig. 5A , deletion of the PpWSC1 gene rendered cells sensitive to high temperature and Congo red, and these sensitive phenotypes were suppressed by addition of 1 M sorbitol to the medium as an osmostabilizer. Conversely, the Ppwsc2D and the Ppwsc3D strain did not exhibit a growth defect at 37˚C or in the presence of Congo red. This result indicated that PpWsc2 is not responsible for high temperature stress and cell wall-damaging agent response. In addition, while expression of PpWSC1 complemented the high temperature-sensitive phenotype of the Ppwsc1DPpwsc3D strain, expression of PpWSC3 did not (Fig. 5B ). These results indicate that, in P. pastoris, PpWsc1 functions in both the high temperature stress response and in methanol-inducible gene expression and that PpWsc3 functions specifically in methanolinducible gene expression.
Strains carrying PpWsc1(Y53F) and PpWsc1(Y53A) were specifically impaired either in methanol-inducible gene expression or in high temperature stresses Based on findings presented in this study, PpWsc1 functions both in methanol-inducible gene expression and in the CWI pathway under high temperature stress. We next questioned whether PpWsc1 distinguishes between these two signals. To answer this question, we screened for mutations in the CRD region of PpWsc1 that impair either methanol-inducible gene expression or the high temperature stress response. A characteristic feature of yeast Wsc1 is the presence of a periplasmic CRD region near the N-terminus, followed by a highly mannosylated STR, which confers nanospring properties to the molecule (Dupres et al., 2009) . We focused on tyrosine residues in the CRD region of PpWsc1, as several studies have shown that tyrosine residues are particularly sensitive to formaldehyde (Metz et al., 2004; Metz et al., 2006) . After extensive screening, Y53 was found to be a critical tyrosine residue in PpWsc1 (Supporting Information Fig. S1 ). Most of the tested tyrosine substitutions in PpWsc1 caused defective methanolinducible gene expression and sensitivity to hightemperature stress (Supporting Information Fig. S1 ). However, among the tested variants, PpWsc1(Y53A) was found to result in decreased levels of both AOX and DAS transcripts (to ca. 40% of the wild-type PpWsc1; (Fig. 6A, left panel) ), but did not show sensitivity to high-temperature (Fig. 6B) . Conversely, the strain carrying a PpWsc1(Y53F) mutant became sensitive to high temperature stress (Fig. 6B ), but retained normal levels of methanol-inducible gene expression (Fig. 6A , right panel). Production of these PpWsc1 mutant proteins was confirmed by immunoblot analysis (Fig. 6C and Supporting Information Fig. S1C ). These results suggest that the Y53A and Y53F substitutions in PpWsc1 had critical and specific effects on methanol-inducible gene expression and high temperature stress, respectively, without affecting the alternative phenotype. These results demonstrate distinct functions of PpWsc1 in sensing methanol and high temperature stress. The CRD region has been reported to function in the clustering of Wsc1 molecules through the formation of intra-or intermolecular disulfide bridges during hightemperature or low-osmolality stresses Dupres et al., 2011) . We substituted alanines for the key cysteine residues in the CRD of PpWsc1 that correspond to the ScWsc1 cysteine residues responsible for clustering of ScWsc1 molecules during high temperature stress. All of the constructed Wsc mutants, i.e., strains carrying PpWsc1 (C46,50A), PpWsc1 (C64,66A) and PpWsc1 (C82,86A), were impaired in methanol- A. Cell viability of Ppwsc1D, Ppwsc2D or Ppwsc3D under high temperature conditions or in the presence of Congo red. Each strain was grown overnight to early exponential phase, adjusted to OD 600 nm 5 1, and 3 ml of each ten-fold serial dilution was spotted onto glucose medium (SD) or SD medium containing 1 M sorbitol with or without Congo red (100 mg ml 21 ). Plates were incubated for 3 days at 28˚C or 37˚C. B. Cell viability of the Ppwsc1DPpwsc3D strain expressing PpWSC1 or PpWSC3 under high temperature conditions. Each strain was grown overnight to early exponential phase, adjusted to OD 600 nm 5 1, and 3 ml of each ten-fold serial dilution was spotted onto SD medium. Plates were incubated for 4 days at 37˚C. inducible gene expression (Fig. 7A ) as well as growth on glucose at 37˚C (Fig. 7B ). Protein levels of PpWsc1 (C46,50A) and PpWsc1 (C64,66A) were low while that of PpWsc1 (C82,86A) was at the same level as that of PpWsc1 (Fig. 7C) indicating that C46,50A and C64,66A substitutions in PpWsc1 affected protein stability. Results demonstrating that most of the amino acid substitutions of cysteine (C82 and C86) and tyrosine (Y40, Y53, Y65 and Y89) residues within the CRD region affect both methanol-inducible gene expression and high-temperature stresses emphasize the structural importance of the Wsc1 CRD region during signalsensing and -transmission (Lodder et al., 1999; Heinisch et al., 2010) .
Coordinated function of PpWsc1 and PpWsc3 during growth on methanol at high temperature As described above, PpWsc1 plays a crucial role during growth at 37˚C and in methanol-inducible gene expression, and PpWsc3 is only involved in the latter. Next, we wanted to know how PpWsc1 and PpWsc3 coordinately function during growth on methanol at 37˚C, under high temperature conditions. Cells grown on glucose at 28˚C were shifted to methanol medium at 37˚C, and growth on methanol was monitored. As shown in Fig. 8A left panel, growth of the Ppwsc1D strain on methanol was impaired at 37˚C. Notably, while the growth of the Ppwsc3D strain on glucose was not impaired at 37˚C (Fig. 5A) , this strain had a severe growth defect in methanol medium at 37˚C (Fig. 8A left panel) . There were no significant differences among the growth of the wild-type, Ppwsc1D and Ppwsc3D strains when cells were grown on glucose medium at 37˚C (Fig. 8A right panel) .
During growth on glucose at 37˚C, only PpWsc1, but not PpWsc3, was responsible for the high temperature stress response. However, when growing on methanol at anti-HA anti-Actin
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PpWsc1 ( (gray bars) cultured on 0.01% methanol for 2 h. The mRNA levels were monitored by qRT-PCR analysis using the GAP1 gene as a standard. The relative transcript levels are expressed as the values (%) relative to those of the Ppwsc1DPpwsc3D strain expressing PpWSC1-3xHA. The mean and SD from three independent experiments are shown. B. Cell viability of Ppwsc1DPpwsc3D strains producing PpWsc1 with substitutions of the Y53 residue under high temperature conditions. Each strain was grown overnight to early exponential phase, adjusted to OD 600 nm 5 1, and 3 ml of each ten-fold serial dilution was spotted onto glucose medium. Plates were incubated for 4 days at 37˚C. C. Expression of PpWsc1-3xHA, PpWsc1(Y53F)23xHA and PpWsc1(CY53A)23xHA in P. pastoris. A total of 20 mg of protein from each sample was loaded on a 12% SDS gel and transferred to a PVDF membrane. A. Transcript levels of methanol-inducible genes in Ppwsc1DPpwsc3D strains producing PpWsc1 with substitutions of the cysteine residues. Total mRNA was prepared from the Ppwsc1DPpwsc3D cells expressing PpWSC123xHA and cysteine mutants of PpWSC1, C46A and C50A (C46,50A), C64A and C66A (C64,66A) or C82A and C86A (C82,86A), cultured on 0.01% methanol for 2 h. The mRNA levels were monitored by qRT-PCR analysis using the GAP1 gene as a standard. The relative transcript levels are expressed as the values (%) relative to those of the Ppwsc1DPpwsc3D strain expressing PpWSC1-3xHA. The mean and SD from three independent experiments are shown. B. Cell viability of the Ppwsc1DPpwsc3D strain expressing PpWSC1 with mutations of cysteine residues under high temperature conditions. Each strain was grown overnight to early exponential phase, adjusted to OD 600 nm 5 1, and 3 ml of each ten-fold serial dilution was spotted onto glucose medium. Plates were incubated for 4 days at 37˚C. C. Expression of PpWsc1-3xHA, PpWsc1(C46,50A)23xHA, PpWsc1(C64,66A)23xHA and PpWsc1(C82,86A)23xHA in P. pastoris. A total of 20 mg of protein from each sample was loaded on a 12% SDS gel and transferred to a PVDF membrane.
37˚C, cells must cope with two signals. It is likely that PpWsc1 molecules are more involved in the high temperature stress response. Due to insufficient activation of methanol-inducible genes by PpWsc1 under these conditions, PpWsc3 may be required to make a greater contribution to methanol-inducible gene expression at 37˚C. Figure 8B represents our working model of how PpWsc1 and PpWsc3 coordinately transmit signals to the CWI pathway and the methanol-inducible genes during growth on methanol at 37˚C (see Discussion).
Genetic interaction of PpRom2 with PpWsc1 and PpWsc3 is necessary for activation of methanolinducible gene expression and for the high temperature stress response Next, we investigated whether Rom2, a component of the CWI pathway that functions downstream of the Wsc family proteins, is involved in the regulation of methanolinducible gene expression at normal temperature in P. pastoris. We found a gene encoding a putative Rom2 in the P. pastoris genome and designated the gene PpROM2 (CCA39932.1). Genetic interaction between PpROM2 and PpWSC1 during growth on methanol was assessed in the Ppwsc1D strain, which has a growth defect on methanol medium. We expressed PpRom2-3xHA under the control of its own promoter in the wild type and Ppwsc1D strain. Expression of PpRom2-3xHA complemented the growth defect of the Ppwsc1D strain on methanol (Fig. 9A ), indicating that PpRom2 is a multi-copy suppressor (2-copies: endogenous PpRom2 and PpRom2-3xHA) of the growth defect of the Ppwsc1D strain on methanol. The region of Wsc1 that interacts with Rom2 has been identified for the S. cerevisiae proteins (Vay et al., 2004) , and this region was found to be highly conserved in PpWsc1 and PpWsc3. In order to support the genetic interaction between PpROM2 and PpWSC1, we used mutants of PpWsc1 and PpWsc3 in which the regions corresponding to the Rom2-interacting site of ScWsc1 were deleted (Fig. 1) . We expressed PpWsc1(310-316D)23xHA or PpWsc3(359-365D)23xHA, in which the putative WscRom2 interaction regions were deleted (amino acids 310-316 of in PpWsc1 and 359-365 of in PpWsc3) in the Ppwsc1DPpwsc3D strain. Protein production was confirmed by immunoblot analysis (data not shown), and the effect of domain deletion on methanol-inducible gene expression was assessed (Fig. 9B) . When grown on 0.01% methanol, the strains expressing PpWsc1(310-316D)23xHA and PpWsc3(359-365D)23xHA had decreased levels of both AOX and DAS transcripts (Fig. 9B , left panel) compared to the strain expressing the corresponding wild-type Wsc family protein. On 0.1% methanol, the strain expressing PpWsc3(359-365D)23xHA had decreased levels of methanol-inducible gene transcripts compared with the strain expressing the wild-type PpWsc3 (Fig. 9B, right panel) . These results indicate that both PpWsc1 and PpWsc3 respond to 0.01% methanol and that PpWsc3 is responsible for sensing 0.1% methanol for methanol-inducible gene expression. As shown in Fig. 9C , the strains expressing PpWsc1(310-316D)23xHA and PpWsc3(359-365D)23xHA grew slowly compared to the strain expressing the corresponding wild-type Wsc family protein. These results also indicate that interaction of Wsc family proteins with PpRom2 is responsible for the regulation of methanol-inducible gene expression. and Ppwsc3D (gray squares) strains were grown on methanol medium and glucose medium at 37˚C. Strains with the indicated alleles were grown on glucose at 28˚C, and then transferred to methanol medium at 37˚C. The scale of y-axis is logarithmic. The mean and SD values from three independent experiments are shown. B. Proposed model of PpWsc1 and PpWsc3 signaling at 37˚C in methanol medium. At 37˚C in methanol medium, PpWsc1 in the high-temperature stress configuration at the cytoplasmic tail recruits PpRom2 to activate heat stress-inducible genes, while PpWsc3 in the methanol-sensing configuration recruits PpRom2 to activate methanol-inducible genes.
In further experiments, the interaction of PpRom2 with PpWsc1 or PpWsc3 was investigated under high temperature conditions on glucose medium. Expression of Cell viability of the Ppwsc1DPpwsc3D strain expressing PpWSC1(310-316D)23xHA and PpWSC3(359-365D)23xHA under high temperature conditions. E. Cell viability of strains overexpressing PpROM2 under high temperature conditions. Each strain was grown overnight to early exponential phase, adjusted to OD 600 nm 5 1, and 3 ml of each ten-fold serial dilution was spotted onto glucose medium. Plates were incubated for 4 days at 37˚C.
PpWsc3(359-365D) did not (Fig. 9D) . Expression of PpRom2-3xHA partially suppressed the growth defect of the Ppwsc1D strain at 37˚C on glucose medium and also that of the Ppwsc1DPpwsc3D strain to the same extent (Fig. 9E) . These results indicate that PpWsc1-PpRom2 interaction is necessary for growth of P. pastoris at high temperature, as reported for S. cerevisiae.
Localisation of PpWsc1-YFP and PpWsc3-YFP under high temperature conditions and under methanolinduced conditions
Next, we investigated the localisation of PpWsc1 and PpWsc3 under high temperature conditions using a yellow fluorescent protein (YFP)-fusion protein. Cells expressing PpWsc1-YFP that had been grown on glucose at 28˚C were shifted to glucose medium and incubated at 37˚C for 30 min. Prior to the shift to high temperature, PpWsc1-YFP was localized to parts of the cell surface, at the emerging bud and the bud neck (Fig.  10) . After the shift from 28˚C to 37˚C, PpWsc1-YFP dispersed throughout the cell surface and vacuoles. The dynamics of PpWsc1 prior to and after the high temperature shift were similar to those of ScWsc1 in S. cerevisiae (Delley and Hall, 1999) . Conversely, PpWsc3-YFP was localized evenly along the cell surface, and its localisation did not change in response to the shift to high temperature. We also observed localisation of the two PpWsc-YFP fusion proteins prior to and after the shift from glucose medium to methanol medium at 28˚C (Fig. 10) . Neither PpWsc1-YFP nor PpWsc3-YFP changed its localisation after the shift to methanol medium. This difference in behaviour of the PpWsc1 protein also suggests distinct functions of Wsc family proteins in the adaptation to high temperature stress and the presence of methanol.
Discussion
Understanding the molecular basis underlying cellular sensing of low-molecular weight alcohols, e.g., methanol and ethanol, offers new prospects that extend into broad areas of science, including pharmacology, medicine and fermentation technology. However, it is still unclear how proteins recognize and sense such low-molecular weight compounds on the cell surface and how the molecules transmit the signals to the nucleus. We herein demonstrate that nano-spring Wsc family proteins, which are known to be stress sensor proteins (heat, osmotic shock), are involved in 'sensing of methanol' in the methylotrophic yeast P. pastoris under physiological conditions.
It is striking that PpWsc1 and PpWsc3, which were previously known to be physical stress sensors (high temperature, osmotic stress and 10% ethanol stress), also sense the low-molecular weight compound methanol at low concentrations (ca., 0.01-1%), and discriminate it from ethanol. PpWsc1 and PpWsc3 have been shown to be responsible for dose-dependent methanolinducible gene expression within the range of ca., 0.001-1.0% (Fig. 3) ; these concentrations of methanol are comparable to those observed on growing plant leaves. Furthermore, their responses to methanol were in different ranges: PpWsc1 for lower methanol concentrations (0.01-0.05%) and PpWsc3 for higher methanol concentrations (0.1-0.5%) (Fig. 4) . These findings strongly indicate that PpWsc1 and PpWsc3 respond to methanol based on a similar molecular mechanism but have different sensitivities to methanol. The presence of dual proteins appears to enable P. pastoris cells to respond to a wide range of methanol concentrations. PpWsc1 and PpWsc3 therefore play a critical role in sensing the extracellular methanol concentration and transmitting this information to the nucleus via the intracellular signaling protein PpRom2 to appropriately adjust the expression level of each methanol-inducible gene (Fig. 9) . The balance of methanol metabolism is thus carefully modulated to prevent formaldehyde accumulation. Indeed, formaldehyde accumulation was observed in the medium when the Ppwsc1D strain was grown on methanol (Supporting Information Fig. S2 ). We determined the enzyme activities of AOX and FLD, which are both critical for balancing the formaldehyde level, from Ppwsc1D cells cultured on methanol for 18 h, when formaldehyde began to accumulate (Supporting Information Fig. S2D ). The relative activity of FLD to AOX in the Ppwsc1D cells was lower (ca., 70%) than that in the wild-type cells, indicating that unbalanced production of AOX and FLD in the Ppwsc1D cells led to formaldehyde accumulation. Although PpWsc3 could compensate for the function of PpWsc1 in methanol-inducible gene expression to some extent, deletion of PpWSC1 led to unbalanced methanol metabolism, which caused accumulation of formaldehyde. Therefore, coordinated function of PpWsc1 and PpWsc3 seems to be crucial for optimal growth on methanol.
Although Wsc family proteins are known to respond to various kinds of stimuli, it has been a mystery how the Wsc proteins transmit specific signals. We hypothesized that PpWsc proteins sense high temperature stress and methanol by different sensing mechanisms. (i) If these PpWsc proteins employed the same mechanism, it is likely that methanol-inducible gene expression would be up-regulated at high temperature. However, the expression levels of methanol-inducible genes at 37˚C were lower compared with those at 28˚C (unpublished data).
(ii) PpWsc3 is responsible for methanol-inducible gene expression but is not involved in the high temperature stress response, as overexpression of PpWSC3 suppressed methanol-inducible gene expression but not the high-temperature sensitive phenotype of the Ppwsc1DPpwsc3D strain. (iii) At normal temperature, PpWsc1-YFP showed localized fluorescence on the cell surface at the bud neck (Fig. 10) . However, under high temperature stress, fluorescence of PpWsc1-YFP was evenly distributed along the cell surface, and also in the vacuole (possibly for degradation after endocytosis). This change of localisation of Wsc1 is similar to that observed during high temperature stress in S. cerevisiae. After methanol induction, however, PpWsc1-YFP did not change its localisation. PpWsc3, which had no function in the high temperature stress response, was evenly distributed along the cell surface under all conditions tested (Fig. 10) .
In addition to these and other observations (Dupres et al., 2009) , one of the mechanistic explanations for the observed phenotype is that the structure of PpWsc1 changes differently upon sensing methanol or high temperature stress: the PpWsc1 Y53A mutant is incapable of taking the methanol-sensing configuration but can take the high temperature stress configuration. In an opposite manner, PpWsc1 Y53F could not take the high-temperature stress configuration, but could take the methanol-sensing configuration. The conformation of the PpWsc1 cytoplasmic tail complex interaction with PpRom2 may differentiate the signaling pathway, but the details are not yet clear due to the difficulties in carrying out structural analyses of Wsc family proteins.
What is happening then at high temperature on methanol? Based on our observations, we hypothesize that PpWsc1 takes the high-temperature configuration and becomes more involved in coping with high temperature stress and under these conditions PpWsc3 makes a greater contribution to the activation of methanolinducible gene expression (Fig. 8) . These proposals are supported by the following observations: (i) at 37˚C on methanol, the Ppwsc3D strain grew slower than the Ppwsc1D strain (Fig. 8A); (ii) at 37˚C on glucose, the Ppwsc1D strain had a growth defect but the Ppwsc3D strain grew normally (Fig. 5A) ; (iii) localisation of PpWsc3-YFP did not change prior to and after the shift to 37˚C, but that of PpWsc1-YFP changed after the temperature shift (Fig. 10) . In contrast to S. cerevisiae (Rodicio and Heinisch, 2010) , overexpression of PpWSC3 in the Ppwsc1DPpwsc3D strain could not suppress the temperature-sensitive phenotype (Fig. 5B) . Therefore, PpWsc1 has a more important role in resistance to high temperature stress than PpWsc3.
This study provides new molecular insights into the ability of Wsc family proteins to discriminate and respond to separate environmental stimuli: 'methanolsensing' or 'high temperature stress'. In addition, it provides the basis for further exploration of the novel functions of the well-conserved eukaryotic Wsc family proteins as putative low-molecular weight alcohol sensors in the regulation of methanol-adaptation and other key steps of carbon-source regulation.
Experimental procedures
Strains and media
Escherichia coli DH10B (Takara Bio, Otsu, Japan) was used as the host strain for plasmid DNA propagation. E. coli cells were grown in LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) at 37˚C.
The yeast strains used in this study are listed in Table 1 . P. pastoris cells were grown on YPD (1% yeast extract, 2% peptone, 2% glucose) or YNB medium (0.67% yeast nitrogen base without amino acids). One of the following was used as the carbon source in YNB medium: 2% (wt/vol) glucose, 2% (vol/vol) glycerol, 1% (vol/vol) methanol or 1% (vol/vol) ethanol. Appropriate amino acids (100 lg ml 21 ) were added to the synthetic media. All of the components other than carbon sources used in these media were purchased from Difco Becton Dickinson (Franklin Lakes, NJ). The growth of the yeast was monitored by the optical density (OD) at 600 nm. The formaldehyde concentration in the medium was determined by the method of Nash (Nash, 1953) .
Plasmid construction and gene disruption
The oligonucleotide primers used in this study are listed in Supporting Information Table S1 . The plasmids used in this study are listed in Table 2 . A deletion cassette for the Wsc family proteins in P. pastoris 359 PpWSC1 gene was constructed as follows: Primer pairs EcoRI-PpWSC1-1-F/KpnI-PpWSC1-1-R and BamHIPpWSC1-2-F/EcoRI-PpWSC1-2-R were used to amplify 0.9 kb and 0.8 kb fragments using genomic DNA as template. Using two fragments as the template, primer pairs KpnIPpWSC1-1-R/BamHI-PpWSC1-2-F were used to couple and amplify a 1.7 kb fragment by overlap PCR. Two fragments, the 1.7 kb KpnI-BamHI fragment and the 4.1 kb KpnI-BamHI fragment of plasmid SK-Zeo r , were ligated, yielding the PpWSC1 disruption vector pOH100. Deletion cassettes for the PpWSC2 and PpWSC3 genes were constructed similarly. Primer pairs EcoRI-PpWSC2-1-F/KpnIPpWSC2-1-R and BamHI-PpWSC2-2-F/EcoRI-PpWSC2-2-R were used to generate the PpWSC2 disruption vector pOH102. Primer pairs EcoRI-PpWSC3-1-F/KpnI-PpWSC3-1-R and BamHI-PpWSC3-2-F/EcoRI-PpWSC3-2-R were used for the construction of the PpWSC3 disruption vector pOH101. Primer pairs PstI-PpWSC3-1-F/EcoRI-PpWSC3-1-R and BamHI-PpWSC3-2-F/PstI-PpWSC3-2-R were used for the first PCR, and the resultant two fragments were used as templates for overlap PCR with the primer pair EcoRIPpWSC3-1-R/BamHI-PpWSC3-2-F. pSY8200 was newly constructed from pIB1 (Sears et al., 1998) by replacing PpHIS4 with ScARG4. Two fragments, an EcoRI-BamHI fragment and the 5.0-kb EcoRI-BamHI fragment of plasmid pSY8200 were ligated, yielding the PpWSC3 disruption vector pOH302 using ARG4 as a marker. A 3xHA tag was amplified using HindIII-3xHA-F and HindIII-3xHA-R, and the fragment was inserted into pIB1, resulting in plasmid pSY006. The PpACT1 promoter region for coupling PpWSC1 ORF, PpWSC2 ORF and PpWSC3 ORF were amplified using primer pairs KpnI-P ACTI -F/P ACTI -(PpWSC1)-R, EcoRI-P ACTI -F/P ACTI -(PpWSC2)-F and EcoRI-P ACTI -F/P ACTI -(PpWSC3)-R with genomic DNA as the template. The PpWSC1 ORF, PpWSC2 ORF and PpWSC3 ORF regions were amplified using primer pairs (P ACTI )-PpWSC1-F/SphI-PpWsc1-R, (P ACTI )-PpWSC2-F/SphI-(P ACTI )-PpWSC2-R and (P ACTI )-PpWSC3-F/SphI-(P ACTI )-PpWSC3-R with genomic DNA as the template. Each pair of fragments was amplified and coupled by overlap PCR. Each coupled fragment was digested with KpnI and SphI and inserted into pSY006, resulting in pOH202, pOH203 and pOH204. Plasmid pOH202 was digested with KpnI and SphI. The 1.9-kb fragment of P ACT1 -PpWSC1 was obtained and inserted into pNT205 (Tamura et al., 2010) , resulting in pOH303. The coupled PpACT1 promoter and PpWSC3 ORF was amplified using primer pairs XmaI-P ACTI -F/SphI-(P ACTI )-PpWSC3-R with pOH203 as the template. The PCR fragment was digested with XmaI and SphI and inserted into pNT205, resulting in pOH304. The PpROM2 promoter and ORF region without the STOP codon was amplified using primers KpnI-PpROM2-F/SphIPpROM2-R. The PCR fragment was cloned into the KpnI and SphI sites of the vector pSY006, resulting in pOH207. DNA encoding the putative region of interaction with Rom2 in PpWSC1 was deleted using primers PpWSC1-310-316d-R and PpWSC1-310-316d-F for inverse PCR with pOH202 as the template, and the product was self-ligated, yielding pOH205. DNA encoding the putative region of interaction with Rom2 in PpWSC3 was deleted using primers PpWsc3-359-365d-F and PpWsc3-359-365d-R for inverse PCR with pOH203 as the template, and the product was self-ligated, yielding pOH206. pOH202 was subjected to site-directed mutagenesis using PpWSC1-Y53A-F, PpWSC1-Y53A-R, PpWSC1-Y53F-F, PpWSC1-Y53F-R, PpWSC1-C46,50A-F, PpWSC1-C46,50A-R, PpWSC1-C64,66A-F, PpWSC1-C64,66A-R, PpWSC1-C82,86A-F and PpWSC1-C82,86A-R. The resultant plasmids were designated pOH208, pOH209, pOH210, pOH211 and pOH212, respectively, and used for PpWsc1 mutant protein analyses.
In order to disrupt the PpWSC1, PpWSC2 and PpWSC3 genes, each disruption vector, pOH100, pOH101 and pOH102, respectively, was digested with EcoRI and used to transform P. pastoris PPY12 or GS115 by electroporation. A double disruption mutant lacking both PpWSC1 and PpWSC3 was constructed using the PpWSC3 deletion vector pOH302. pOH302 was digested with PstI and was used to transform strain OH1101. Proper gene disruptions were confirmed by colony PCR.
Immunoblot analysis
To prepare samples for immunoblot analyses, harvested cells were suspended in lysis buffer [50 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 0.1% Triton-X100, 10% (vol/vol) glycerol, 1 mM phenylmethylsulfonyl fluoride, EDTA-free complete protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland)] and then lysed using Multi-Beads Shocker (Yasui Kikai, Osaka, Japan). Cell extracts were subjected to centrifugation at 10,000 3 g for 5 min at 4˚C to remove cell debris, and dissolved in sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, a dash of bromophenol blue, 10% 2-mercaptoethanol) and boiled for 5 min. Each sample was electrophoresed on a 12% SDS-PAGE gel. The proteins were transferred to a PVDF membrane by semidry blotting (ATTO, Tokyo, Japan). The blots were incubated overnight with anti-HA antibody (F7; Santa Cruz Biotech, Dallas, TX), anti-beta actin (Abcam, Cambridge, UK) or anti-AOX at a 1:1000 dilution in TBS-T buffer. The membranes were then washed three times with TBS-T buffer and incubated with anti-mouse-HRP (Merck Millipore, Darmstadt, Germany) at a 1:10,000 dilution for 1 h. Finally, bound secondary antibodies were detected using Western Lightning (Perkin-Elmer Life Science, Waltham, MA) and the signals were analysed with a Light Capture system (ATTO, Tokyo, Japan).
Morphological analysis
P. pastoris cells were grown in 5 ml YPD medium to the stationary phase at 28˚C. Subsequently, 30 ll of this culture was transferred to 5 ml of fresh YPD medium and the cells were grown at 28˚C for 5 h. The culture was then harvested by centrifugation at 1,500 r.p.m. for 5 min and cells were transferred to 5 ml methanol medium and grown at 28˚C or YPD medium at 37˚C for 30 min. These cells were harvested by centrifugation at the indicated time point and stored on ice until observation. The observation was carried out with an IX81 fluorescence microscope (Olympus, Tokyo, Japan). Fluorescent images were captured with a charged coupled device camera (SenSys; PhotoMetrics, Tucson, AZ) using MetaMorph software (Universal Imaging, West Chester, PA). 
